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Formation of palladium hydride and carbide phases in palladium-based catalysts is a 
critical process which change the catalytic performance and selectivity of the catalysts 
in important industrial reactions, such as selective hydrogenation of alkynes or alkenes. 
We present a comprehensive study of the palladium nanoparticles (NPs) under various 
external conditions by in situ and operando X-ray absorption spectroscopy and 
diffraction, to characterize palladium hydride and carbide phases, and their distribution 
over the volume of the NPs. We demonstrate how the simultaneous analysis of extended 
X-ray absorption fine structure spectra (EXAFS) and X-ray powder diffraction (XRPD) 
allows discriminating between the inner “core” and outer “shell” regions of the 
nanoparticle in case of hydride phase formation at different temperatures and under 
different hydrogen pressures, indicating that the amount of hydrogen in the shell region 
of the nanoparticle is lower than that in the core. In the case of palladium carbide, 
advanced analysis of X-ray absorption near-edge structure (XANES) spectra allows 
detecting carbon-containing molecules adsorbed at surface of the nanoparticles. In 
addition, H/Pd and C/Pd stoichiometries of PdHx and PdCy phases were obtained by 
theoretical modelling and fitting of XANES spectra. Finally, the collection of operando 
XRPD patterns allowed us to highlight during ethylene hydrogenation reaction periodic 
oscillations of non-regular shape of the NPs core lattice parameter, that resulted to be 
in phase with the MS signal of the C2H6 product and in antiphase with the MS signal of 
the H2, highlighting an interesting direct structural-reactivity relationship. The 
presented studies are hereby showing how combination of X-ray absorption and 
diffraction can highlight the structure of core, shell and surface of the palladium 
nanoparticles and prove their relevant role in catalysis.  
1. Introduction 
Palladium-based materials, in particular nanoparticles (NPs), find numerous 
applications in industry, such as catalysts for selective hydrogenation reactions. 
Palladium is the metal of choice for semi-hydrogenation of alkadienes and alkynes in 
mixtures of alkyne/alkene and alkadiene/alkene respectively.1-4 Palladium is prone to 
formation of carbides and hydrides and therefore, under reaction conditions, exposure 
of the catalyst to a mixture of H2 and hydrocarbons may lead to formation of palladium 
hydride5-13 or carbide5, 12, 14, 15 phases, that may dramatically affect the catalytic activity 
and selectivity.4, 14 For catalytic applications, it is important to understand the role of 
surface, subsurface and bulk hydrogen and carbon atoms14 and the molecular-level 
picture of the catalytic hydrogenation over palladium nanoparticles, which are both still 
under debate.4, 14-18  
Formation of both palladium hydride and carbide phases increases the lattice parameter 
which can be effectively detected by X-ray powder diffraction (XRPD).12, 19, 20 This 
technique provides structural information about the crystalline phases, characterizing 
the bulk region of the nanoparticle. XRPD does not provide information about the 
nanoparticle surface,13 nor about the structure of small (< 1.5 nm) nanoparticles, which 
are too small to produce well-defined Bragg peaks.21 For this reason, extended X-ray 
absorption fine structure (EXAFS)22-24 is widely applied for nanostructured samples.25-
29 This technique yields averaged interatomic distances and coordination numbers 
around a specific atom type, does not require long range order, and is applicable to both 
crystalline and amorphous materials. As XRPD and EXAFS techniques are based on 
the scattering of photons and backscattering of photoelectrons, respectively, they are 
mostly sensitive to the heaviest atoms of the studied structure, being much less efficient 
(or almost inefficient) in detecting low Z atoms, such as carbon and hydrogen, present 
in metal carbides and hydrides. Unambiguous detection of hydride and carbide phases 
can be done by X-ray absorption near-edge structure (XANES) spectroscopy, which 
covers a short 30 - 50 eV range above the absorption edge.30-40 As we have 
demonstrated in the previous works, XANES is able to distinguish Pd-H and Pd-C 
bonds via the difference in the structure of the unoccupied electronic states of 
palladium.6, 12, 41  
Here, we report the formation of palladium hydrides and carbides in palladium NPs 
under reaction conditions of alkene and alkyne hydrogenation using in situ and 
operando and time-resolved synchrotron-based XRPD and X-ray absorption 
spectroscopy (XAS). By applying the simultaneous XRPD and EXAFS approach, we 
observed the formation of a core-shell structure in the palladium particles upon hydride 
phase formation during alkyne hydrogenation, characterized by different atomic 
structure of the inner “core” and surface “shell” regions. In the case of carbide 
formation, the additional introduction of XANES analysis to XRPD and EXAFS 
allowed observing the surface adsorbed carbon-containing molecules. In addition, we 
have developed a method which allows to estimate the H/Pd and C/Pd stoichiometries 
of PdHx and PdCy phases, by modelling and fitting the XANES spectra. Finally, 
application of operando time-resolved XRPD during the oscillatory reaction of ethylene 
to ethane conversion demonstrated, that not only the surface, but that also the core of 
the nanoparticles undergoes rapid structural changes, which correlate with the catalytic 
activity of the sample highlighting a direct structural-reactivity relationship. 
2. Experimental and methods 
2.1. Sample preparation 
The catalyst investigated in this study has been supplied by Chimet S.p.A: product 
D1190 from the Chimet catalyst library (http://www.chimet.com/en/d1190). It is a 5 
wt.% Pd on carbon catalyst prepared according to the deposition–precipitation method42 
on activated carbon of wood origin (surface area = 980 m2g-1; pore volume = 0.62 cm3g-
1).43, 44 Palladium black sample has been prepared following a procedure similar to that 
adopted for the catalyst preparation, but omitting the support, and successively reduced 
in H2 at 120 °C, resulting in a stable bulk Pd
0 phase. TEM characterization of the 
catalyst resulted in a narrow particle size distribution with size <D> = 2.6 nm and σ = 
0.4 nm, as detailed in a previous work.13 
 
2.2. In situ X-ray powder diffraction and X-ray absorption spectroscopy setup 
Both XRPD and Pd K-edge XAS data were collected at the BM01B45, 46 (SNBL, now 
moved to the BM31 port) of the ESRF, Grenoble, France. The beamline allows a fast 
(less than 1 minute) plug and play switch between XRPD and XAS setups, allowing to 
measure for each reaction conditions (temperature and gas composition) both X-ray 
diffraction and absorption data.12, 13, 47  
For in situ experiments, a boron glass capillary 1.0 mm in diameter filled with the 
catalyst powder and oriented horizontally and perpendicularly to the X-ray beam was 
used. A gas blower was positioned above the sample to define the temperature during 
the experiment. The capillary was glued into a metal holder connected with a 
pressurized setup, which allowed remotely controlling gas content (H2 and/or C2H2) 
and pressure inside the capillary. The basal pressure, which was reached by using a 
scroll pump, was lower than 0.1 mbar. The surface Pd-oxide layer formed on the 
palladium NPs exposed to air,48 was removed by performing a pretreatment at 125 °C 
in 200 mbar of pure H2 for 30 minutes before data collection. For operando 
experiments, the 1.0-mm capillary was fed with the desired gas mixture (He, H2 and/or 
C2H4) using calibrated gas flow-meters, while the composition of the gas outlet from 
the capillary was controlled by means of mass spectroscopy (MS) measured by a 
Pfeiffer Omnistar mass spectrometer (MS).  
X-ray powder diffraction was measured using =0.50544(2) Å radiation, selected by a 
Si(111) channel-cut monochromator. CMOS-Dexela 2D detector positioned at the 
distance of 250.24(7) mm from the sample resulted in in a 2θ range from 5° to 52°, 
corresponding to a 5.79 to 0.57 Å d-spacing interval. The values of , sample to detector 
distance, and detectors tilts have been optimized by Rietveld refinement of NIST LaB6 
and Si samples and kept fixed in the refinement of the Pd/C samples. For better statistics 
20 diffraction images and 20 dark images (with the X-ray shutter closed) with 
acquisition time of 1 s were collected in all cases. For the time resolved operando 
experiment, we were collecting 100 subsequent patterns with 5 second time-resolution, 
followed by 100 dark patterns. 
XAS spectra at Pd K-edge were obtained in the transmission mode by continuous 
scanning of the double crystal Si(111) monochromator from 24100 to 25400 eV taking 
5 minutes per spectrum. Pd foil was measured simultaneously with each spectrum for 
energy calibration using a third ionization chamber.49 Detuning monochromathor 
crystals of 20% from the maximum intensity makes the contribution of the third 
harmonic at 75000 eV negligible.  
 
2.3. Volumetric measurements 
Hydrogen sorption isotherms were measured on a Micromeritics ASAP2020 volumetric 
apparatus. The instrument was equipped with 4 pressure transducers, allowing to 
investigate the sorption process at very low equilibrium pressures (down to 10−4 mbar). 
Prior to the measurements, the Pd/C powders (1.4 g) were activated on a vacuum line 
equipped with a turbomolecular pump (P < 10−4 mbar): after degassing at 120 °C for 3 
h, the sample was subjected to two H2 absorption/desorption cycles at 120 °C in 
hydrogen (absorption pressure: ~100 mbar, desorption pressure: dynamic vacuum) to 
guarantee a full reduction of the palladium nanoparticles. Then the sample was exposed 
to 100 mbar of H2 and cooled down to room temperature. The sample was successively 
transferred inside a glove box (M Braun Lab Star Glove Box supplied with pure 5.5 
grade N2, < 0.5 ppm O2, < 0.5 ppm H2O) before being inserted into the measurement 
cell and degassed at room temperature for 1 h on the volumetric apparatus. The H2 
uptake of the bare carbon support was measured in the same conditions adopted for the 
Pd/C catalyst, after activation in dynamic vacuum at 120°C overnight. The isotherms 
reported in the following for the Pd/C systems were obtained from the measured ones 
after the subtraction of the H2 uptake measured in the same conditions for the activated 
carbon support. 
 
2.4. EXAFS, XANES and XRPD data analysis 
X-ray absorption spectra were analyzed in Demeter 0.9.21 package50 including 
background subtraction, normalization, energy calibration, and single-shell Fourier 
analysis. A real space data fitting in the R-range from 1.5 to 3.2 Å was performed to the 
Fourier-transformed k2-weighted data in the k-range from 5.0 to 12.0 Å-1, with the width 
of the window slope dk = 1 Å−1, corresponding to the number of independent points 
2ΔkΔR/π > 7. The low k-region (2 – 5 Å-1) was intentionally excluded from the analysis 
to minimize the Pd-C contribution from interaction of the nanoparticles with the 
support. The fit included four parameters: the first shell Pd-Pd interatomic distance (RPd-
Pd), the Debye-Waller factor (σ2), energy shift (ΔE0) and coordination number (N). The 
parameters ΔE0 and N were considered as common variables for all spectra. The value 
of the passive electron reduction factor51 S0
2 = 0.83 ± 0.03 was obtained by fitting the 
spectrum of palladium foil and kept constant in the optimization of all the spectra 
collected on the Pd-catalyst. Experimental spectra were fit in R-space using theoretical 
amplitudes and phases calculated by FEFF6 code.52  
VASP 5.3 code53-55 with PBE exchange-correlation potential,56 was used to optimize 
the geometries of PdHx and PdCy phases. DFT-optimized PdHx and PdCy structures 
were then used for XANES calculation by FDMNES code.36-40 Each spectrum, except 
pure metallic one, was calculated by averaging 32 separate theoretical spectra for each 
Pd atom in the optimized supercell. Calculation were performed within finite difference 
approach in full potential. 6 Å cluster around Pd absorbing atom was used in all 
simulations.  
Fitting of experimental spectra by theoretical ones was performed by multidimensional 
interpolation method implemented in FitIt-3 code.57, 58 Initially calculated spectra for 
given concentrations x, y in PdHx, PdCy (x = 0, 0.125, 0.250, 0.500; y = 0, 0.063, 0.125, 
0.250) were used as interpolation nodes to obtain spectra for all intermediate 
concentrations. To exclude systematic errors and increase precision, fitting was 
performed for difference XANES spectra. To plot the experimental difference spectra, 
we subtracted the spectrum of initial metallic palladium nanoparticles measured in 
vacuum from all other spectra, while the theoretical ones were obtained after 
subtracting the fitted theoretical spectrum of metallic palladium nanoparticles. 
2D XRPD patterns were processed by PyFAI59 software which executes fast averaging, 
background subtraction and integration of images to obtain I(2θ) patterns. Rietveld 
refinement of static XRPD patterns was performed with Jana2006 code.60 Profile 
parameters were optimized by fitting the diffraction patterns of bare and the most 
hydrogenated samples at each temperature. In the final refinement, we optimized of the 
fractions of α- and β- phases and the cell parameters corresponding to each phase. The 
time-resolved data was analysed by a linear combination fitting. 
3. Results and discussion 
3.1. Core-shell structures during hydride formation in palladium nanoparticles 
Palladium hydride (PdHx) may exist as two phases, named α and β, depending on the 
stoichiometric atomic ratio x.61 For bulk palladium, the α-phase is present for values 0 
< x ≤ 0.03, while the β-phase forms for values x ≥ 0.58. Both phases are present for the 
intermediate values, which is often referred to as plateau in the hydrogen isotherm 
diagram. From a crystallographic point of view, PdHx exhibits the same fcc space group 
as Pd metal with an increased lattice parameter (a), that shows stepwise behaviour at x 
values corresponding to the formation of α- and β- phases, while within each of the 
phases it linearly increases with x. The thermodynamics of hydrogen absorption of Pd 
NPs differs from the one of palladium bulk due to the considerable contribution of the 
surface.9, 13, 62 The typical phase separation was observed in Pd NP down to nanometer 
size,21, 63 but the relationship between hydrogen equilibrium pressure (EP) and H 
loading (x) differs significantly from bulk and strongly depends on the size and shape 
of the nanoparticles.7 This affects both the maximum x value in the β-phase, and the 
extension the x-interval of coexistence of the two α- and β- phases in the plateau. 
Figure 1 reports the XRPD and Pd K-edge XANES and EXAFS isotherms, respectively, 
collected at 22 °C, parts (a)-(c), respectively, of the PdHx formation obtained by 
progressively increasing the H2-EP from 0 to 1000 mbar. These X-ray 
absorption/diffraction experiments have been repeated for the isotherms at 1, 22, 53, 62 
and 85 °C and duplicated with independent laboratory volumetric measurements (see 
Figure 2).  
XRPD (Figure 2a) monitor the increase of the cell parameter a during the hydride 
formation, and is able to discriminate α and β phases, but it is scarcely informative for 
nanoparticles with size below 1 nm21, 63 (that do not contribute to the Bragg reflections) 
and to the external shell of nanoparticles (because of disorder effects intrinsic of surface 
layers).13 Being element specific,22-24 EXAFS (Figure 2b) probes the local environment 
around the Pd absorbing atom, yielding average RPd-Pd values, coordination numbers 
and Debye-Waller parameters, and providing important complementary information on 
the surface of the nanoparticles,13, 64-73 that is merged with the information on the core. 
Complementary volumetric measurements (Figure 2c) provide quantitative information 
on the x stoichiometry at given temperature and H2-EP values, provided that the 
hydrogen uptake from the carbon support is properly taken into account.13, 74, 75 
 
Figure 1. Evolution of the diffraction data and of the Pd K-edge X-ray absorption spectra along the Pd-
hydride formation in Pd NPs at 22 °C obtained by increasing the H2-EP in the pressure range from 0 
(bold black) to 1000 (bold red) mbar range. Part (a): The whole series of the XRPD patterns where 
coloured intermediate patterns correspond to 1 (green), 10 (blue), 17 (pink), 20 (magenta), 25 (violet), 
100 (orange). Part (b): XANES spectra obtained at H2-EP of 0 (black curve) and 1000 mbar (red curve), 
left ordinate axis and ΔXANES spectra obtained by subtracting the spectrum of the metal phase, right 
ordinate axis. Part (c): Fourier-transformed k2-wieghted χ(k) EXAFS functions. recorded under the same 
conditions. For sake of clarity only a fraction of the measured spectra is reported in parts (b-c), with the 
same colour code as for diffraction patterns reported in part (a). Previously unpublished figure reporting 
data published in Ref.13 
 
Figure 2a,b reports the dependence of the cell parameter, a, and RPd-Pd value in the 
different points of the / phase diagrams of the PdHx system as obtained from Rietveld 
refinement of XRPD and the first-shell analysis of the whole set of EXAFS data, 
respectively, collected at different H2-EP during the five isotherms. At all investigated 
temperatures, the lattice expansion observed during the PdHx phase formation is 
accompanied by an increase in the Debye-Waller parameter.13 Being a phase-specific 
technique, XRPD is able to analyze separately the α- and β- hydride phases present in 
the sample at each point of the isotherm. The relative concentrations of the α- and β- 
phases and the cell parameters within each phase have been determined by a 2-phases 
Rietveld refinement procedure.13 The structural isotherms obtained from XRPD has 
been plotted in Figure 2a in a way directly comparable with those obtained from the 
EXAFS analysis (Figure 2b) by reporting the averaged cell parameter as a weighted 
sum 
 𝑎 = (1 − 𝑛) ∙ 𝑎𝛼 + 𝑛 ∙ 𝑎𝛽,      (1) 
where 𝑎𝛼 and 𝑎𝛽 are the refined lattice parameters of the α- and β- phases respectively, 
and 𝑛 the refined fraction of the β-phase. 
The Pd-specific pressure-composition isotherms for the Pd NPs, reported in Figure 2c, 
have been obtained by: (i) subtracting from the raw isotherms collected on the Pd/C 
samples the analogous isotherms collected on the bare carbon support and by (ii) 
correcting for the amount of hydrogen adsorbed at low pressure, which corresponds to 
the formation of a hydrogen layer on the surface of the nanoparticles, and not to the 
formation of the hydride.13 The nanometric dimensions of the Pd NPs resulted in a much 
lower hydrogen uptake of about PdH0.4 in the -phase region relative to PdH0.6 reported 
for bulk palladium.76-78 This observation reflects the lower number of interstitial sites 
per mass of palladium related to the higher surface to volume ratio78 and the lower 
critical temperature79-81 of Pd NPs with respect to the bulk. 
The pressure-structure isotherms shown in Figure 2a,b are similar to the pressure-
composition curves obtained from volumetric measurements (Figure 2c), which give 
information about the H/Pd ratio at any given temperature and pressure. All isotherms 
are characterized by three distinct regions: (i) the pre-plateau region, related to the 
formation of the α-phase (yellow region); (ii) the plateau, corresponding to the gradual 
phase transition from the solid solution to the β-phase (white region); (iii) the post-
plateau region, where the solid solution of hydrogen in the metal hydride is formed (red 
region).78 As widely reported for bulk palladium, the pressure corresponding to the 
plateau increases with the temperature and at the same time the miscibility gap of the 
solid solution with the hydride phase decreases.61 As a consequence of the nanometric 
size, for Pd NPs the hydrogen-uptake and the lattice parameters at the end of each 
plateau are lower than that for bulk palladium at the same temperature.13, 77, 78, 82 This 
effect is evident when comparing the structural and compositional isotherms obtained 
at 22 °C for Pd/C (blue scatters in Figure 2) and palladium black (dashed black line in 
Figure 2). However, the first shell EXAFS data themselves (Figure 2b) exhibit a less 
defined plateau than the corresponding XRPD data (Figure 2a). The plateau of the 
isotherms obtained by EXAFS are spanned in a wider pressure range with respect to 
the same plateau observed by XRPD at all the investigated temperatures. This 
discrepancy is absent for palladium black, indicating that it is a characteristic feature of 
the sample, and not a result of a different method. 
 
Figure 2. / phase diagrams of the PdHx system evidenced in the pressure-RPd-Pd, pressure-a and 
pressure-x isotherms obtained from XRPD (a), EXAFS (b), and Pd-specific volumetry (c) for Pd/C at 
different temperatures (colored scatters) and palladium bulk (Pd-black) (black dashed line) at 22 °C. 
Solid colored lines correspond to the best fits by a model double-exponential function. The abscissa of 
part (a) is the averaged cell parameter defined in Eq. (1). Yellow, white and red regions define 
qualitatively pure -, mixed-, and pure - phases, respectively, for the Pd/C sample. Adapted with 
permission from Ref.13, copyright ACS 2017. 
 
The systematic difference in the behavior of the first shell EXAFS and XRPD data can 
be quantified by plotting the RPd-Pd value extracted from the XRPD isotherm (RPd-Pd = 
a/2) together with the EXAFS isotherm, see Figure 3, green and black curves, 
respectively. This difference can be explained considering that the PdHx NPs have a 
core-shell structure, with a crystalline core that contributes both to the Bragg reflections 
in the XRPD patterns and to the first shell Pd-Pd distance obtained by EXAFS, and an 
amorphous shell that contributes only to the latter observable.13 This model is in line 
with the evidence that the α-β phase separation does not exist and the pressure-
composition isotherms lack the plateau region for Pd NPs with average size of 1 nm,9 
which do not give well-defined Bragg peaks.21, 63 The theoretical Pd-Pd distance in the 
amorphous shell (𝑅𝑃𝑑−𝑃𝑑
𝑠ℎ𝑒𝑙𝑙 ) has been derived from the combined XRPD and EXAFS 
data, according to the following expression:13 
 𝐶 𝑅𝑃𝑑−𝑃𝑑
𝑠ℎ𝑒𝑙𝑙 =  𝑅𝑃𝑑−𝑃𝑑
𝐸𝑋𝐴𝐹𝑆 − (1 − 𝐶)
1
√2
  𝑎,   (2) 
where C is the fraction of atoms located in the amorphous shell. The red, blue and 
orange curves in Figure 3 reports the (𝑅𝑃𝑑−𝑃𝑑
𝑠ℎ𝑒𝑙𝑙 ) values obtained for the 22 °C isotherm 
assuming a C fraction of 0.5, 0.6 and 0.7, respectively. The shell absorbs hydrogen 
gradually, and the corresponding simulated isotherms result in a much less-defined -
-phase transition.  
 
Figure 3. Simulated pressure-structure isotherm at 22 °C of hydride formation in the shell of the 
palladium particles assuming core/shell ratios of 50/50 (red), 40/60 (blue) and 30/70 (orange) derived 
from XRPD- (green) and EXAFS- (black) based experimental isotherms.  
 
Summarizing, the synergic coupling of the three techniques highlights clear differences 
in the structural and electronic configuration of the palladium atoms in the shell and in 
the core of the nanoparticles during the Pd − PdHx phase transition.13 The data reported 
in Figure 3 represent an important estimation of the RPd-Pd distance at the surface of the 
NP, i.e. the RPd-Pd of the actual active phase, where hydrogenation reactions occur.  
3.2. Carbide formation in the core, in the shell and at the surface of Pd NPs 
As shown in the previous section, both XRPD and EXAFS indicate formation of 
hydride phases by monitoring the increase of the interatomic distances that occurs due 
to the insertion of the hydrogen atoms into the palladium lattice. However, under 
reaction conditions, a palladium catalyst is exposed to a mixture of several gasses, such 
as H2/C2H4, H2/C2H2 or H2/hydrocarnon, in general
2, 3 Under these conditions, 
formation of both palladium hydride and carbide phases is possible, which cannot be 
distinguished by standard EXAFS and XRPD analysis, as the lattice parameters for 
these phases are very similar, while amplitudes of photoelectron backscattering and 
photon scattering are much lower for H and C atoms than for Pd ones, not allowing 
their direct observation. However, direct observation of Pd-H and Pd-C bonds can be 
done utilizing XANES spectra, which are sensitive to the presence of unoccupied states 
that result from mixing of Pd- and H- or C-orbitals.12, 41 Figure 4a shows the typical Pd 
K-edge XANES spectra of palladium nanoparticles observed in vacuum conditions and 
after exposure of the sample to hydrogen and acetylene, to form hydride and carbide 
phases, respectively. The spectrum of PdHx shows a sharpening of the first XANES 
peak and shifting to lower energies by about 1 eV, the opposite behavior is observed in 
the spectra after exposing the sample to acetylene and carbide formation. For better 
appreciation and further quantitative analysis, we have considered the difference 
XANES spectra, shown in Figure 4b, where the spectrum of Pd NPs in vacuum was 
subtracted from each of the other spectra. The typical features assigned to Pd-C bonds 
in the difference spectra are evolving with time, as shown by light red (15 minutes 
exposure to acetylene) and dark red (more than one hour exposure to acetylene) curves 
in Figure 4b. In addition, partially inversed behavior is observed when the catalyst is 
subsequently treated by H2 and evacuated (Figure 4b, green curve).  
 
 
Figure 4. Part (a): experimental spectra of palladium nanoparticles in vacuum (black), in hydrogen 
(blue), and 1 hour of total exposure to acetylene (dark-red). Part (b) shows the corresponding difference 
XANES spectra with addition of the spectrum after 15 minutes exposure to acetylene (light-red) and after 
subsequent treatment in H2 and successive outgassing (green). All the reported experiments have been 
performed with a sample temperature of 100 °C. See the orange triangles in Figure 5 for the quantitative 
results of the XANES modelling and fitting procedure. 
 
The time evolution of Pd NPs upon exposure to hydrogen, acetylene and vacuum 
conditions was studied by applying three independent approaches summarized in 
Figure 5. First, Rietveld refinement of XRPD patterns was performed to obtain the 
average cell parameter in the NPs, see grey circles in Figure 5, obtained applying Eq. 
(1). Second, the first-shell Fourier analysis of EXAFS spectra provided the averaged 
Pd-Pd interatomic distances (Figure 5, black squares). Finally, all experimental 
XANES spectra were fitted (vide infra) by the theoretically calculated ones to obtain 
the concentration of carbon atoms per palladium atom, C/Pd, i.e. the y stoichiometry of 
the PdCy phase (Figure 5, orange triangles). 
In the 2:1 mixture of H2 and C2H2 (green part in Figure 5), the averaged lattice 
parameter in the NPs is increased by ~ 3 %, with respect to pure palladium NPs, which 
is close to the values obtained in Section 3.1 for palladium hydride at 1000 mbar. In 
agreement with previous results,12 the shape of XANES spectra (Figure 4b, blue line) 
confirms that the hydride phase is formed under these conditions. In addition, a trial to 
fit the XANES spectra by theoretical signal for Pd-C resulted in the unphysical values 
of negative y values (Figure 5). The observed difference between the lattice expansion 
observed by EXAFS and XRPD correlates with the core-shell structure of the PdHx NPs 
(see Figure 3). 
The removal of H2 from the feed mixture (first light-red part in Figure 5), leads to a 
complete decomposition of the hydride phase, as al hydride features disappear from 
both XANES and XANES spectra. However, the interatomic distances are higher by 
0.5 % than in pure Pd NPs. This increase is explained by formation the palladium 
carbide phase, which is clearly observed in XANES curves (Figure 4b) and formation 
of the second phase with increased lattice parameter visible in the XRPD patterns. There 
is a slow increase of the lattice parameter of the carbidized sample with continued C2H2 
exposure time at 100 °C (light-red parts in Figure 5) and that it is not reversed neither 
by successive vacuum or treatment in H2, see Figure 5 white and light-blue parts, 
respectively). 
 
Figure 5. Evolution of structural parameters obtained from XRPD, EXAFS and XANES analysis. Left 
ordinate axis: elongation of the RPd−Pd distance (black squares) obtained from the first-shell EXAFS-
analysis and of the variation of the average lattice parameter obtained from XRPD refinement (gray 
circles). Right ordinate axis: stoichiometry of the PdCy (in %) phase, determined by XANES modelling 
and fitting (orange triangles). Exposure of the sample to pure H2, C2H2 and vacuum are highlighted by 
light-blue, light-red and white areas respectively. In the region below t = 0, the sample was exposed to 1 
bar of a mixture of hydrogen and acetylene in 2:1 stochiometric ratio (green area). All the reported 
experiments have been performed with a sample temperature of 100 °C. 
 
To determine the evolution of the y stoichiometry in the PdCy carbide phase, all 
experimental XANES spectra were fitted by the theoretical ones applying a 
multidimensional interpolation approach. A set of model structures with different y 
values and lattice parameters (thus different RPd-Pd = a/2) were initially optimized with 
help of the VASP 5.3 code53-55 and used for XANES calculation with the FDMNES 
code,36-40 as described in Section 2.3. The calculated spectra were then taken as 
interpolation nodes in the two-dimensional (RPd-Pd, y) space, and used for construction 
of a polynomial which describes the shape of the XANES spectra for any of the RPd-
Pd and y values. At the first step, we fitted the experimental XANES spectrum of Pd 
NPs in vacuum, and used the best fit theoretical spectrum to construct theoretical 
XANES curves. All other spectra were fitted by minimizing the root-mean-square 
deviation F(RPd-Pd, y) between theoretical and experimental XANES spectra, varying 
RPd-Pd and y values defined as: 
 
𝐹(𝑅𝑃𝑑−𝑃𝑑, 𝑦) =  
1
𝑁𝑜𝑟𝑚
√∑ [∆𝑋𝐴𝑁𝐸𝑆𝑒𝑥𝑝(𝐸𝑖) − ∆𝑋𝐴𝑁𝐸𝑆𝑡ℎ𝑒𝑜(𝐸𝑖, 𝑅𝑃𝑑−𝑃𝑑, 𝑦)]2
𝑁
𝑖=1  (3) 
 
where Ei are the energy values where the experimental curves have been sampled, E1 = 
24340 eV and EN = 24440 eV are the first and the last experimental points considered 
in the fit and N is the total number of experimental points. The 2D distributions of F(RPd-
Pd, y) for selected spectra are shown in Figure 6. For the spectrum taken in H2 (t = −22 
min), the minimum of F is achieved for the increased RPd-Pd and indicates zero carbon 
incorporation (y = −0.01, i.e. y = 0 within the experimental incertitude). This result 
represents a consistence test of the adopted method. An increase of the carbon 
incorporation is observed after acetylene exposure and the position of the minimum of 
F shifts towards higher y values from the spectrum taken at t = 0, to t = 120 min, where 
the time corresponds the starting time of each spectrum. The only deviation from the 
increasing y trend is observed after H2 treatment of the sample (t = 81 min), which leads 
to decrease of y by a factor of 2. This difference is observed only in the XANES spectra, 
while the EXAFS and XRPD values are not affected by H2 treatment. The reason of 
such behavior is that XANES spectra are sensitive not only to carbon atoms which are 
inserted in the interstitials of the palladium lattice forming palladium carbide phase, but 
also the surface adsorbed acetylene molecules, which do not affect the interatomic 
distance but contribute to the number of Pd-C bonds. H2 treatment can be therefore used 
to remove the surface acetylene by its hydrogenation to ethylene and ethane, while it 
does not remove the carbon atoms from the palladium lattice.15 This unambiguously 
shows that the use of XANES spectra, in addition to EXAFS and XRPD, allows to 
extract information on the structure of surface atoms, in addition to the core-shell 
structure which is revealed by combination the latter two.13  
In this case XANES was used as a completely independent technique that provides both 
structure (RPd-Pd), and stoichiometry (y) of the PdCy phase. However, given that Fourier-
analysis of the EXAFS data has been performed, the RPd-Pd values can be fixed to those 
obtained by EXAFS analysis. For the current data set, as can be seen from Figure 6, 
F(RPd-Pd, y) functions are symmetric with respect to horizontal and vertical dashed lines 
passing through the minimal point of each spectrum. Thus, for this particular case, 
having an error in determination of RPd-Pd value does not affect the position of the 
minimum along the y axis, while in case of an asymmetric distribution of the F function, 
the use of EXAFS interatomic distances would have been more critical. 
 
 
Figure 6. 2D plots of the F(RPd-Pd, y) root-mean-square deviation function between theoretical and 
experimental XANES spectra, defined in Eq. (3) for different experimental curves collected at time 
indicated in the bottom left corner and referred to the feeding conditions defined in Figure 5. The white 
dotted lines highlight the position of the minimum for each spectrum corresponding to the best estimation 
for RPd-Pd and y values of the PdCy phase in the corresponding experimental conditions. The used color 
scale is quantified in the right panel. The fact that there is one order of magnitude in the intensity 
differences between blue and red regions implies that in all cases we are dealing with quite stable minima. 
 
3.3. Operando hydrogenation of ethylene: evidence of structural and catalytic 
oscillation behavior 
XRPD patterns were collected every 5 s under steady state gas feeding of the Pd/C 
catalyst (6, 39 and 5 ml/min for He, H2 and C2H4, respectively) allowing to monitor the 
structural parameters of the core of the Pd NP during ethylene hydrogenation at 80 °C. 
The results of this operando XRPD study are summarized in Figure 7. Part (a) reports 
the 2 region covering the (220), (311) and (222) Bragg reflections of palladium for a 
series of 10 subsequent diffractograms (from t = 100 to t = 150 s). Form these data it is 
evident, that during a steady state feeding conditions the structure of the core of the Pd 
NPs is not stable, but changes in time. Figure 7b, left ordinate axis, reports the time 
evolution of the average lattice parameter, obtained using Eq. (1). From these data, it is 
evident that the structural changes are not random but follow a clear oscillation behavior 
with a period of about 150 s. The periodic lattice parameter variation is due to the 
periodic variation of the relative fraction of the - and -phases of palladium hydride 
(see section 3.1 in general and Figure 2b in particular) and here reported in Figure 7b, 
right ordinate axis. The most interesting aspect of this experiment is the fact that the 
same periodic oscillations of non-regular shape were observed by MS monitoring for 
both reactants and products, see Figure 7c. Indeed, the MS signal of the C2H6 product 
(m/Z = 30) is in perfect phase with the oscillation of the fraction of -phase of PdH 
obtained by XRPD, while the MS signal of the H2 reactant (m/Z = 2) is in perfect 
antiphase. 
These evidences are a direct unconfutable proof of a strong structure-reactivity 
relationship between the structure of the core of the PdHx NPs and the catalyst activity 
in the ethylene hydrogenation reaction. Also evident is the fact that the catalyst is more 
active in the H2 + C2H4 → C2H6 reaction when the core of the PdHx NPs is in the -
phase, in agreement with previous findings.14 Not straightforward is however the 
interpretation of observed oscillatory behavior on an atomistic point of view. Two, non-
mutually exclusive, hypotheses are able to explain the set of experimental data 
summarized in Figure 7. 
 
Figure 7. Time resolved, operando XRPD study during ethylene hydrogenation reaction at 80 °C on 
Pd/C catalyst performed under steady state feeding conditions: (6, 39 and 5 ml/min for He, H2 and C2H4, 
respectively). Part (a): selection of XRPD patterns at significant times (from t = 100 to t = 150 s), 
evidencing structural changes along the reaction monitored in the 2 range of the most significant Pd 
Bragg reflections. Part (b): time evolution of the averaged Pd lattice parameter, see Eq. (1), and of the 
fraction of -phase of PdHx left and right ordinate axis, respectively. Part (c): time evolution of the 
catalyst activity monitored by MS showing a reactant (H2, m/Z = 2) and a product (C2H6, m/Z = 30). 
 
Starting from with the core of the PdHx NPs fully in the -phase (e.g. at t = 200 s in 
Figure 7), we have a fully active catalyst. Owing to the exothermicity of the ethylene 
hydrogenation reaction (ΔH0 = −136 kJ/mol),83, 84 the NPs undergoes a local 
temperature increase, that results in a partial hydrogen desorption (see Figure 2), that 
in turns results in a decrease of the fraction of the -phase. At this stage, the catalyst 
undergoes a loss of activity, that in the successive seconds drives a local temperature 
decrease and an increase of the average H2 partial pressure in the feed, that favors 
additional hydrogen uptake, with the progressive restoration of the fully -phase and 
higher catalytic activity. 
Alternatively, we can consider the fact that the ethylene hydrogenation at the surface of 
the NPs requires atomic hydrogen from the bulk. Let us start again our arguments at t 
= 200 s in Figure 7, when we have a highly active catalyst with the core of the PdHx 
NPs fully in the -phase. The high surface activity requires an important transport of 
hydrogen atoms from the core, with the consequent x depletion and the decrease of -
phase fraction. The increase of the relative fraction of the less active -phase in the NP 
core causes a decrease of the catalyst activity with consequent increase of the H2 partial 
pressure in the atmosphere. The additional H2 available is then absorbed back by the 
NPs, progressively restoring β-hydride phase with consequent increase of the reaction 
rate.  
 
4. Conclusions and future perspectives 
In the present study, we have combined synchrotron-based in situ and operando, almost 
simultaneous, X-ray diffraction and absorption data collection to laboratory volumetric 
measurements to shed light on the structure and the stoichiometry of PdHx and PdCy 
phases of Pd NPs during hydrocarbons hydrogenation reactions on Pd/C catalyst. Six 
main results have been achieved.  
First, the systematic in situ XRPD, EXAFS and volumetric analysis in a wide range of 
sample temperatures and H2 equilibrium pressures, allowed us to follow the − phase 
transition diagram. The structural/stoichiometric the − phase diagram reported in 
Figure 2a,b,c allowed us to determine the PdHx stoichiometry form an EXAFS or an 
XRPD structural datum. Second, the almost simultaneous EXAFS and XRPD set of 
data allowed us to discriminate the ordered NP core from the disordered shell and to 
reconstruct the RPd-Pd distance at the surface of the NP, i.e. the the RPd-Pd of the actual 
active phase, where hydrogenation reactions occur (Figure 3). Third, while both XRPD 
and EXAFS are unable to discriminate between palladium hydride and carbide phases, 
XANES provides unambiguous detection of hydride and carbide phases (Figure 4a), 
being the discrimination ability more evident when the data are reported in difference 
mode (XANES, Figure 4b). Fourth, the combined use of XRPD, EXAFS and XANES, 
supported by corresponding simulations, allowed us to obtain both core and shell 
structure and average y stoichiometry of the PdCy phase obtained exposure of Pd NPs 
to C2H2 at increasing times (Figure 5 and Figure 6). Fifth, advanced analysis of the 
XANES spectra allows detection of carbon-containing molecules adsorbed at surface 
of the NPs. Finally, the collection of operando XRPD patterns allowed us to highlight 
during ethylene hydrogenation reaction periodic oscillations of non-regular shape of the 
NPs core lattice parameter, that resulted to be in phase with the MS signal of the C2H6 
product and in antiphase with the MS signal of the H2 (Figure 7), highlighting an 
interesting direct structural-reactivity relationship. Two, non-mutually exclusive, 
hypothesis have been put forward to explain the combined structural-reactivity study 
from an atomistic point of view.  
A repetition rate of 0.2 Hz (one XRPD pattern every 5 s) was needed to follow the 
structural oscillation of the core. Unfortunately, 5 s were insufficient to obtain an 
EXAFS spectrum in quick EXAFS mode85 with a sufficient signal to noise (on our Pd/C 
sample hosted in a capillary) to allow an accurate determination of the structure of the 
shell. This experiment should be repeated using an EXAFS dispersive beamline.86 
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